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FORCES ACTING ON BUBBLES IN NUCLEATE BOILING UNDER
NORMAL, AND REDUCED GRAVITY CONDITTIONS
by Edward G. Keshock and Robert Siegel

TLewis Research Center

SUMMARY

An experimental study was made of bubble growth, departure, and rise dur-
ing nucleate boiling in saturated agueous-sucrose solutions, ranging from 20- to
60-percent sucrose by weight, in seven different gravity fields from 1.4 to 100
percent of Earth gravity. Results are compared with similar data from a pre-
vious study of nucleate boiling in saturated distilled water. In the present
study, the departure diameters unexpectedly exhibited no gravity dependence in
contrast to the data for saturated water where departure diameters varied ap-

proximately as g'l/z. The difference in behavior was explained by calculating,
from the experimental data throughout a bubble growth period, various forces be-
lieved to influence the bubble departure. Departure was found to be dependent
on the relative magnitudes of the buoyancy, inertial, and surface-tension
forces, with the viscous drag being of little significance. The bubbles in su-
crose solutions proved to be inertia dominated, and hence gravity independent,
while the departure of the bubbles in water was governed by buoyancy, and hence
gravity dependent. The rise of bubbles through the liquid after departure was
analyzed, and the predicted rise rates agreed reasonably well with those ob-
served.

INTRODUCTION

The advent of space travel has stimulated interest in the effects of grav-
ity on various fluid mechanical and heat-transfer processes. One process that
would be expected to be gravity dependent is nucleate pool boiling in a satu-
rated liquid, since the gravitational buoyancy force contributes to the detach-
ment of wvapor bubbles from the surface and then causes them to rise through the
ligquid.

Some recent experiments in reduced gravity fields (refs. 1 to 3) have mea-
sured the heat flux and the temperature difference between a heated surface and
liquid in the nucleate boiling range and have investigated the dependence of
the critical (burnout) heat flux on gravity. These experiments were limited by
the short durations of the low-gravity period available, but they did indicate



some significant characteristics. 1In the nucleate boiling range, the curve of
heat flux as a function of temperature difference was found to be essentially
independent of gravity. The curve was shifted within only a degree of temper-
ature difference when gravity was varied in the range between Earth gravity and
zero. The burnout heat flux varied approximately as gravity to the one quarter
power as indicated by theory.

In order to obtain a more fundamental understanding of how reduced gravity
influences the nucleate boiling process, a study of bubble dynamics in partial
gravity fields was initiated using a counterweighted drop-tower facility
(ref. 4). Boiling tock place from a polished horizontal surface at low heat
fluxes so that only a few nucleation sites were active and individual bubbles
could be photographed. In low-gravity fields, the nucleation of a single column
of bubbles exhibited a cyclical behavior as follows: A fully grown bubble would
detach and remain close to the surface because of the low rise velocity in re-
duced gravity. A number of bubbles issuing from the same nucleation site are
then absorbed by the detached bubble during the early stages of their growth.

As the vapor mass formed by the coalescence of these bubbles moves slowly up-
ward, it eventually rises sufficiently far above the surface that the next bub-
ble formed does not Jjoin with it and the cycle is then repeated. Hence, in
low-gravity nucleate boiling, the vapor mass, which tends to remain near the
surface, serves as a means for removing subsequent bubbles from the surface
while they are still very small. This bubble removal would tend to increase the
bubble frequency and turbulence near the surface and thereby maintain a high
heat~-transfer coefficient. The tendency of vapor to linger near the surface,
however, probably accounts for the lowering of the critical (burnout) heat flux.

The reduction of buoyant forces in reduced gravity has directed increased
attention to the other forces, such as surface tension and inertial, that might
assume greater significance. This reduction has been discussed in references
3, 5, and 6, where the inertial and buoyancy forces were evaluated by utilizing
a theoretical expression for the bubble growth rate such as given in refer-
ence 7. In reference 3, the Froude number, which is the ratio of inertial to
buoyancy force, was computed for a single bubble under normal gravity conditions
and found to vary from 452 for liguid nitrogen to 14,000 for water for repre-
sentative values of bubble size and surface superhest. This would imply that
the inertial force would be strongly dominating in the bubble dynamics. In ref-
erence 6, however, a similar discussion of the Froude number, which used the
data of reference 1, indicated that for bubbles in water under both normal and
reduced gravity conditions the inertia and buoyancy were of the same order of
magnitude. Chun (ref. 8) obtained measurements of bubbles and computed buoyancy
and surface-tension forces for boiling saturated water under normal gravity con-
ditions. His results indicated a net upward force acting on the bubbles during
growth. Hence, bubble departure was not believed to be governed by an equilib-
rium of these forces. The inertial force was not considered.

The purpose of the present work was to obtain detailed photographs of in-
dividual bubbles in nucleate boiling for reduced gravity conditions, and to com-
pute from the bubble dimensions throughout the growth period the magnitudes of
the forces that might significantly influence bubble departure. This approach
is in contrast with the previously mentioned theoretical discussions in which
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the forces were computed from growth relations that represent physical behavior
only in an average way and hence may obscure some features. For example, in
references 4 and 9, it is experimentally determined that the bubble growth in
the early stages could be much more rapid than that predicted by existing
theories. This higher growth rate could produce a high inertial force that
might tear the bubble away from the surface before it grew very large. In this
situation, the buoyancy forces would not be important, and the detachment of
bubbles would be insensitive to gravity. Conversely, for a slowly growing bub-
ble, the inertial forces will be small, and the bubble detachment will depend
on an equilibrium between buoyancy and surface-tension forces. This will be a
gravity dependent situation. Experimental results for both of these types of
bubbles will be presented, and the forces acting on them discussed and inter-
preted in relation to the observed effects of gravity on bubble departure.

After detachment, the removal of the vapor from the vicinity of the sur-
face depends on the buoyancy and drag forces. Some data on the bubble rise
after detachment will be presented for several reduced gravity fields and com-
pared with theory.

A motion-picture film showing boiling in normal and in reduced gravity of
water, 60-percent aqueous-sucrose solution, and ethyl alcohol has been prepared

and is available on loan. A request card and a description of the film are
given at the back of this report.

SYMBOLS
Ca drag coefficient
D bubble diameter

Dy contact circle diameter (width of bubble base)

ES EStvSs number

F force

g gravitational field

m apparent mass of bubble

Py pressure outside bubble at its base

Py, pressure inside bubble at its base

a heat transferred per unit area and time from solid surface to boiling
liquid

Re Reynolds number

T temperature



AT temperature difference, Ty - Tg

t time

u velocity

Ug bubble rise velocity immediately following departure

X vertical distance from heated surface to bubble center of gravity
is radius of curvature of bubble profile at its base

0 contact angle between bubble and heated surface

v} dynamic viscosity

o) density

o) surface tension

Subscripts:

bu buoyancy

d drag

i inertial

1 ligquid

n normal (Earth) gravity
0 at detachment

r rising through liquid
S surface tension

sat saturation
v vapor

W surface

ANATYSTIS
Forces Acting on Bubbles During Growth
In this section the expressions to be used for computing the forces acting
on a growing bubble are derived and briefly discussed. The bubbles obtained in

the present experimental study were very nearly spherical as shown by the con-
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tours reproduced in figure 4 (p. 15). Hence, a perfectly spherical bubble model
was assumed in deriving expressions for the inertial and drag forces and for
part of the buoyancy force.

Inertia. - The inertial force developed during the growth of a bubble is
primarily the result of putting the surrounding fluid into motion. According
to reference 10, the apparent mass of the affected fluid is that occupied by
11/16 of the bubble volume. The acceleration of the fluid is approximated as
in references 5 and 6 by the time rate of change of the bubble growth veloecity
where the velocity is the change of radius with time. Then

a alf1L P1 «p°\1 dD
Py = (m) = | (52 == I )2 2
1 at at|\16 g, 6 2 dt
which can be rewritten in the final form
11 "Pz|.3 4D 2(dD>2
.= D + 3D%|—==
Fi 192 g, [ a2 at (1)

Evaluating F; analytically requires an expression for the bubble growth D(t).
Several analyses have yielded growth expressions of the form D ~ t%, with the
most simple expressions being of the type D = et 2, where ¢ 1s a constant
that depends on the particular physical conditions. Experimentally, however,

as in references 4 and 9, n ranges from approximately 1/2 to 1 during the

early stages of growth and then decreases to approximately 1/3 in the later
stages. The analysis of Forster (ref. 11) predicts a change in n from 1/2 to
1/4 during bubble growth and hence agrees qualitatively with the experimental
behavior. The value of n is very important as a small difference in n can
have a very large effect on Fy; computed from equation (1). TFor example, if n
is assumed to be constant with time and equal to 1/2, the inertial force is in-
dependent of time, while if n = 3/8, F; varies as t'172 and if n = 1/4, the
inertial force becomes zero. Since experiments yield a range of bubble growth
curves, characterizing the bubbles by a single type of inertial-force variation
with time does not seem reasonable.

The approach in the present report is to evaluate the inertial force from
measurements of specific bubbles so that comparisons can be made with the buoy-
ancy and surface-tension forces obtained from the same bubbles. An accurate
evaluation of equation (1) directly from bubble diameter measurements is impos-
sible principally because the unavoidable scatter of the data points would pro-
duce large errors in the second derivative term dZD/dtz. Hence, the following
procedure was utilized. A smooth curve for D as a function of t was drawn
through the measurements taken from a single bubble. Then approximately 100
points were read from the curve and used in a least squares digital computer
program to fit a sixth-order polynomial to the points. Sometimes it was neces-
sary to fit a separate polynomial to each of two or three curves obtained by
dividing the original curve into overlapping segments. After a polynomial had
been obtained, results were evaluated from equation (1) by differentiating the
polynomial analytically as required.



Buoyancy. - The buoyancy force 1s equal to the integral over the bubble
surface of the vertical component of the hydrostatic pressure force. TFor an
unattached spherical bubble this integration would yield simply

7DD g
F == (py - py) e

When a bubble is attached to a surface, however, the buoyancy force must be
modified to account for the pressures acting on the base area. The additional
term that arises was considered in reference 12, where it was combined with the
surface-tension force at the bubble base rather than more appropriately being
included in the buoyancy force. The details of the evaluation are given in
reference 13. With this additional term included, the buoyancy force for an
attached bubble is given by

2
3
Fbuz%(pl_pv)ginJr(pb_Pb)% (2)

The pressure difference at the bubble base pp - P, can be written in terms of
the principal radii of curvature as

P - Py = ———Bg———'+ g (3)

A difficulty in the evaluation of equation (3) is that accurate measurements of
the radius of curvature 7y of the bubble profile at the base are inherently
difficult to obtain. The bubble profiles generally become less curved near the
surface, however, particularly in the later stages of growth. Consequently,
the radius of curvature at the bubble base is significantly larger than the
bubble radius, making the second term on the right of equation (3) small com-
pared with the first térm. Hence, as an approximation, the O/Y term will be
neglected here. Then equation (2) becomes

3 L

D Dy .

Fpy = ﬁ6 (p7 - py) éi + —— 0 sin @ (4)
n

The second term on the right is equal to one-half the surface-tension force, as
will be shown by equation (5). In reference 8, it is assumed that both of the

principal radii of curvature are D/Z. This assumption yields Py - Pb = 4U/D,
which seems too large in view of the preceding discussion.

Surface tension. - The inertial and buoyancy forces are balanced by the
surface-tension force, which holds the bubble base to the surface. The surface-
tension force is given by

F, = 7D,0 sin 6 (5)



Drag. ~ Only a very rough estimate of the drag force for a growing bubble
could be made. A bubble growing on the surface was assumed to behave as a
spherical vapor bubble rising through the liquid with a velocity equal to its
change of radius with time. This assumption is only approximate since the top
of a bubble has an upward velocity closer to dD/dt, while the remaining por-
tions of the bubble have upward velocities ranging between dD/dt and zero.
Also, a bubble freely rising through a liquid has a wake associated with it,
and hence the use in the present case of a drag coefficient obtained from a
freely rising bubble will tend to make the computed drag larger than that actu-
ally present. As discussed later, the drag coefficient used for a freely ris-
ing bubble has the form Cyq = a/Re where a = 45. The Reynolds number for the
growing bubble is computed as a function of time from

°0 ap
R =, &
The drag force is then obtained from
2 2
1 7D 1 dab b1 dD
Fa =5 010a =1 (§ a%) =15 2D 5t (6)

Forces Acting on Bubbles After Departure

Following departure, a bubble accelerates away from the surface and even-
tually reaches a steady rise velocity. It is assumed that at any instant after
departure the drag coefficient on a bubble accelerating away from the surface
is the same as that for a bubble having a steady velocity equal to the instan-
taneous velocity of the accelerating bubble. The drag force is then
(ﬂD%/S)pZuZCd. Using the apparent mass of the rising bubble, which is

(ll/le)pz(an/G) as given in reference 10, gives the dynamic equation

2 3
1 .3 7Dy o 11 Dy gu
z ﬂDrg(Dz - py) - 5 Pu Cq = 16 P1 & & (7)

The drag coefficient depends on the bubble Reynolds number. For the pres-
ent experiments, the maximum bubble wvelocity, which occurred for the normal
gravity case, was about 10 inches per second (see fig. 6(b), p. 16) while the
diameter of the bubbles at departure is a maximum of @bout 0.2 inch (see fig. 3,
p. 15). Using the properties of 60-percent sucrose solution at about 220° F
gives the Reynolds number uDrpZ/p = 500. For Reynolds numbers in this range,
the data in figure 3 of reference 14 show that the drag coefficient can be ap-
proximated by the relation Cgq = a/Re, where a value of a = 45 1is chosen here
as passing reasonably well through the data. This choice agrees quite well
with a = 48 obtained theoretically by Moore (ref. 15). The value Cg = 45/Re
was substituted into equation (7) and the resulting expression rearranged into
the form



py =P
du 12 ap 16 1 \4 (8)
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This equation is integrated once to give the bubble velocity, and then, since
u = dx/dt, it is integrated again to gilve the bubble height above the surface
as a function of time:

u. - A
X=XO+-OB—(l-e'Bt)+At (9)
where
P, = D
_ 4 1 v .2
A_Sg ap DI’

1o

o

B =i 2 i%
Dl"

and u, and X, are, respectively, the bubble velocity and the height of the
center of the bubble above the surface immediately following departure, with
t = 0 being the time at the instant of departure. Equation (9) will be used
later for comparisons with the data.

EXPERIMENTAT, APPARATUS

The apparatus used to photograph single bubbles in reduced gravity fields
from which bubble growth data were obtained for use in the preceding equations
is described in this section. The apparatus is essentially the same as that of
reference 4 and hence will be described only briefly.

Counterweighted Drop Tower

A simplified diagram of the drop tower used to obtain reduced gravity
fields is shown in figure 1(a). The platform on which the test boiler is
mounted descends 12.5 feet before being decelerated by a sand bed. Various
gravity fields were obtained by using different counterweights to regulate the
rate of descent. No attempt was made to overcome all the friction in the sys-
tem and the resulting minimum gravity attainable was 0.014 8-

Test Boiller
The boiling test surface was at the upper end of a copper rod, which was
heated at the base by two 500-watt cartridge heaters, as shown in figure 1(b).
The circular boiling area was surrounded by a 0.030-inch-thick fin, which was an
integral part of the rod. The entire plece was machined from a single large

cylinder to prevent any boiling from cracks that might have developed between

8
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(a) Counterweighted drop tower. (Total height, 22.5 ft.).

Figure 1. - Experimental apparatus.
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the rod and the fin had they been two separate pieces. The fin attenuated the
temperature so that boiling did not occur from the fin area or from the O-ring
Joint at the ocutside of the fin. Bubbles were thus prevented from rising in
the foreground, which would have obscured photographs of the test area.

The present study attempts to deal with ideal bubbles originating from
single nucleation sites spaced far enough apart that the bubble columns do not
interfere with each other. The number of natural sites on the boiling surface
was limited by polishing it with fine emery cloth and then lapping it to a
4-microinch root-mean-square roughness. It was then given a 0.0005-inch-thick
nickel plating and polished with a paste of water and fine alumina. With this
surface condition and a low heat flux, it was possible to obtain only a few
nucleating bubble columns on the test area. ’

Two 250-watt cartridge heaters, mounted in copper fins extending through
the top of the boiller, were used to maintain the liquid at the saturation tem-
perature. The boiler was mounted in a box filled with powdered insulation so
that only the test surface and glass enclosure were exposed.

Instrumentation

As shown in figure 1(b), iron-constantan thermocouples were mounted in
0.030-inch holes at several positions along the axial length of the copper rod.
The temperature gradient along the rod permitted evaluation of the heat flux,
ayd the surface temperature was obtained by extrapolating the temperature varia-
tlon.

Photographs were taken with a 16-millimeter motion-picture camera with leuns
extension tubes to magnify the field. The camera speed was about 3500 frames
per second, and a S00-cycle, square-wave generator was used to place timing
marks on the film every l/lOOO of a second. ITllumination was provided by a sin-
gle 750-watt spotlight mounted about 5 inches above and 15 imches to the rear of
the test surface, which gave good definition of the bubble outlines. A flat
cell containing 1/2 inch of water between two pieces of plate glass was placed
between the light and the boiler. The cell absorbed most of the heat from the
light, and thus thermal equilibrium was not disturbed when the light was turned
on.

The fluid temperature was measured with two thermocouples each mounted in-
side a stainless-steel tube 0.0625 inch in diameter. One of the tubes was ex-
tended into the photographic field to provide a standard size for calibrating
the bubble measurements.

Experimental Procedure

The test surface was cleaned, polished, and wiped with tissue and distilled
water, and the boiler was then assembled and filled with aqueous~sucrose solu-
tion. The upper heating fins were used to bring the solution to the saturation
temperature and to drive off dissolved gases. The test section was heated
slowly in order tc activate only a few nucleation sites. The solution was

11



boiled for a few hours to achieve a steady-state condition and for deaeration.
If the number of active sites was excessive, this procedure was repeated until
a situation was obtalined in which a steady stream of bubbles issued from only
one or two sites.

The platform was raised into position and the counterweight loading ad-
Jjusted to provide the desired gravity field. The photographic light was turned
on, and a switch was then closed that simultaneously started the camera and a
timer. After a preset time interval (usually about 1/4 sec), the timer acti-
vated a solenoid release, which dropped the platform. As soon as the platform
started to move, it energized a microswitch in the pulse generator circuit,
which placed a light flash on the film margin to identify the beginning of the
reduced gravity period. Providing a time delay before the platform was re-
leased permitted nucleation under normal gravity conditions to be recorded on
the first part of each film so that comparisons could be made with the reduced
gravity period immediately following. The counterweight was then changed to
provide another gravity field, and the runs were continued until the same nu-
cleation site had been photographed in all the different gravity fields. Two or
three 100-foot rolls of film were taken for each site at each gravity field.
Thermocouple readings were taken only with the platform at rest, as the thermal
capacity of the system was too large for significant temperature changes to
occur during drops of approximately l-second duration.

EXPERIMENTAL RESULTS
Distilled Water :

Measurements of individual bubbles growing in saturated distilled water in
reduced gravity are reported in reference 4. Some of these results will be
briefly summarized here for compariscon with the aqueous-sucrose data. The mea-
surements were made on single bubbles growing from single nucleation sites with-
out noticeable interference from adjacent bubbles. For this ideal type of bub-
ble, it was found that as gravity was reduced, the bubble diameters at departure
increased as g-1/3 for fields between 0.1 and 1 g€ns» and for lower gravities
increased as g‘l 2, The latter functional relation is obtained theoretically
by considering the bubble departure to be governed by a balance of only surface-
tension and buoyancy forces. For the gravities closer to 1 g, the dynamic
force appeared to be of some significance in changing the functional form of the
gravity dependence from g-1/2 +to g'l 3.

As gravity was reduced, the increase in bubble departure size was accom-
panied by much longer growth times. The growth curves of diameter as a function
of time all had the same general shape with the curves for lower gravities Jjust
extending to larger diameters and times. If the bubble-diameter variation is
expressed as D ~ t™, n was found to range from 0.5 to 0.8 for t < 0.02 sec-
ond and n =~ 3/8 for t > 0.02 second.

The contact angle remained essentially coumstant during growth. Also the
contact angle did not change as gravity was reduced. The large bubbles in re-
duced gravity were accompanied by larger contact circle diameters at the bubble

base.
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Sucrose-Water Solutions

After the previous data for water had been obtained, it was desired to see
if similar results would be found for fluids with different properties. Ethyl
alcohol was tried, but single bubbles growing from a single site could not be
obtained. As soon as a bubble would form, other smaller bubbles would be ini-
tiated around its base and merge with the original bubble. Also, at times the
bubbles were observed to slide along the surface during growth.

In an effort to study the effect of fluid viscosity, an aqueous-sucrose so-
lution was tried and this provided distinct single bubbles. Depending on the
sucrose concentration, this fluid can be several times more viscous than water.
The density is increased by only a small amount, however, and the surface ten-
sion remains close to that for water. The results for this fluid were consider-
ably different from those for water. These differences will be explained later
in terms of the forces acting on the bubbles.

Data were obtained for seven different gravity fields between 0.014 and
1.0 g for a 60-percent gravimetric sucrose solution. For 20- and 40-percent
solutions, data were obtained in fields of 0.061, 0.229, and 1.0 gp.

Reducing the gravity and increasing the viscosity substantially increased
the merging of successive bubbles into a previously detached bubble. When the
vapor mass formed by this merging had finally risen sufficiently far from the
surface, the next bubble would grow undisturbed to its final departure size and
then detach. Measurements were made only on the latter type of bubble.

Departure diameters. - Surprisingly, the departure diameters of the indi-
vidual bubbles exhibited no definite gravity dependence. As mentioned previ-
ously, each roll of film recorded a period of normal gravity followed by the re-
duced gravity portion of the
test. Table I gives some typ-
ical results for the departure
FOR BUBBLES IN 60-PERCENT GRAVIMETRIC AQUEOUS- diameters and growth times
where each pair of entries was
obtained from the data on a
given roll of film. ZEach num-

TABLE I. - AVERAGE DEPARTURE DIAMETERS AND GROWIH TIMES

SUCROSE SOLUTION AT NUCLEATION SITE 1

Percent of{ Bubble | Growth|l Percent of | Bubble | Growth ber represents an average for
Earth grav-|diameter | time, Barth grav-|diameter | time, several bubbles. An arithme-
itational | at de- sec itational | at de- sec .
field tachment, field tachment, tic average was thel? taken f(.DI‘
Do, Do, all the departure diameters in
in. in. normal gravity in table I and
gave an overall average
100 0.136 [0.015 100 0.130 |0.013 1 {tv bubbl . f
42.9 .152 | .020 6.1 .140 | .029 normal-gravity bubble slze o
Do,n = 0.135 inch. Each of
100 0.120 0.013 100 0.135 0.014 the tabular values for reduced
22.9 .150 .024 3.2 .137 .017 gravity was then divided by
100 0.161 |0.015 100 0.125 |0.015 Do,n to give the data for
12.6 .1l42 .027 1.4 .201 .033 site 1 in figure 2. This fig-

ure also shows data for an-
other site in 80-percent su-
crose solution and some data for several sites in 40- and 20-percent solutions.
The heat fluxes and temperature differenceg for different test runs are given in

13



Bubble growth. -

Solution, Sites . - .
percent Figure 3 is a logarith-
sucrose mic plot of some typical
10 o,0 &0 land 2 bubble-diameter varia-
F~ae A M tions with time for
8 "~ o 3010 various gravity fields.
S 61 S~ The curves demonstrate
s = the variations of growth
i. 41— ~< ——"——Dqun=@@nVU2 behavior that can be en-
% L S~o Average curve for water (ref, 4) countered. These types
E = of variations also oc-
= ol ~ curred for bubbles in a
£ single gravity field.
= o g 3 Apparently no systematic
2 O A variation of bubble
= A= Q R growth with gravity oc-
8- <© 8 curred, although lower-
6 | B R LEEN R ing the gravity field
0Ol .02 .04 06 08 A .2 4 6 .8 | tended -to Produce longer
Fraction of Earth gravity, glg, growth times, as also
2
Figure 2. - Effect of reduced gravity on diameters of single undisturbed bubbles at illustrated in table I.
instant of detachment from surface. The increase in growth
_ time was small compared
TABLE Il. - HEAT FLUXES AND TEMPERATURE with that for water (ref. 4), where
DTFFERENCES FOR DIFFERENT TEST RUNS bubbles in low gravity had growth
times an order of magnitude larger
o A Heat cerrealT . than in normal gravity. IXveh at the
i1te queous- eg ranslierre emperature . . .
sucrose per unit area difference, Lowest grav1t1es, the -bu}?bles :I..l’l
solution, | and time from [T, - Tggt, 60-percent sucrose solution still had
percent by|solid surface to °F growth times as short as those for
welght |boiling liquid, bubbles in water at normal gravity.
Btmuhrﬁsqf%) The curve shapes in figure 3 demon-
strate the difficulty in trying to
1 60 20, 500 30.1 characterize bubble growth by a simple
; ~ +h
N 60 18, 800 29.8 relation of the form D . t where
the n exponent has a single value
3 to 6 40 21,900 2l. 4 throughout the bubble lifetime.
10 20 21, 500 19.5
7 %o ’ Variation of contact angle and

base width during growth. - The

surface-tension force as given by equation (5) was evaluated from measurements
made of the contact angle and the width of the bubble base from the bubble pro-
files throughout the bubble lifetime. If a thin microlayer of liquid were pres-
ent beneath the bubble, such as has been postulated by some investigators, the
actual dry surface area at the bubble base would be smaller than the measure-
ments given here. The bubbles in sucrose were quite spherical (see profiles in
fig. 4) and exhibited contact angles that were generally smaller than those in
water. Because of the difficulty in measuring the slope of a curve, the abso-
lute accuracy of the contact angles is approximately +10°

For two typical bubbles, the contact angle and base widths during growth
are shown in figure 5 for two different gravity fields. The contact angles ap-

14
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0: g(IJ; A 0-%3 :\ 030~ Figure 5, -~ Variatio!'l of diame@er, contact
05 \\ -015 angle, and basg width with time for
%0 -022 bubble growth in saturated 60-percent

. aqueous sucrose solution at site 1.

i Gravity fields, 1.0 and 0,126 g ..
12.6 Percent of Earth gravity 12.6 Percent of Earth gravity y 9n

(b} Sixty-percent aqueous

(ﬂ£ﬁ$ﬁﬁﬁﬁﬁ$ﬁ sucrose solution. Heat peared to decrease gradually with
surface to boiling liquid gmzsﬁuﬁaﬁﬁm time during growth and were not
17,700 Btu per hour per 2,500 Btu per hour per  dependent on the gravity field.
square foot; temperature square foot; temperature
difference, AT = 17°F. difference, AT = 30.1° F .

g - Behavior of bubbles after
Figure 4, - Profiles of bubbles during growth in normal and in reduced gravity. departure. - The motion of bub-

bles after departure is of inter-
est when studying how the vapor is removed from the vicinity of the surface
thereby preventing the formation of a vapor blanket. The velocity of a rising
bubble will influence the coalescence of successive bubbles with it and perhaps
the transition to continuous vapor columns (ref. 16). The motion of detached
bubbles in reduced gravity fields is alsc of interest with regard to the collec-
tion of vapor in space-vehicle liquid~fuel tanks.

The data given here on bubble rise are for a 60-percent aqueous-sucrose so-
lution. At site 1, bubbles formed in rapid succession with essentially zero
walting time between them; hence, successive bubbles often interfered or merged
with each other. At site 2, however, the waiting times between bubbles were
long - on the order of the bubble growth time. Hence, the bubbles rising from
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site 2 were spaced sufficiently far apart that data coculd be obtained for in-
dividually rising bubbles. Figure 6(a) shows tracings of the profiles of a sin-
gle bubble at site 2 for
— — _ Previous bubble — |~-Ul6in. successive times after de-
att-0 parture for each of three
gravity fields. The dis-
) tortion of the bubbles is
Time, t, seC  pequced as gravity is de-
creased, and for 3.2-
percent of normal gravity
the bubble maintains its
spherical shape. This in-
dicates that the drag
forces are small compared
with the surface tension of
the liquid-vapor interface
g=0.032gp, that maintains the spheri-
cal shape. Although this
(a) Contours of rising bubbles. behavior would be expected
Figure 6. - Motion of vapor bubbles after detachment at site 2 in 60-percent from the correlations of
agueous sucrose solution. - bubble shapes based on data
in normal gravity, it has
not been observed for the reduced gravity range. In figure 2 of reference 17, a
collection of data is plotted that gives the ratio of horizontal to vertical di-
ameter for freely rising bubbles as a function of the EStv8s number
ES = g(py - ov)D@/0, which is a ratio of buoyancy to surface-tension forces (re-

Time, t, sec
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Fraction of
Earth gravity,
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4 0.014
N .032
o .061
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—— Eq (9, 0.299,
—-— Eq. (9, 0.061g,
—--— Eq. (9), 0.0329,
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0.46 sec

Height of center of gravity of hubble above surface, in.
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{b) Rise of center of gravity of bubbles for six gravity fields.

Figure 6. - Continued. Motion of vapor bubbles after detachment at site 2 in 60-percent aqueous sucrose solutiori.
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ciprocal of the Bond number).

unity.

For the bubble at 0.03Z2 gp

At EO = 1, the ratio of diameters approaches

in figure 6(a), EY ~0.13, and, consequently,

the surface tension is sufficiently large to maintain a spherical bubble shape.

Hence,

at low gravities the behavior of large bubbles that remain spherical, but
which would become quite distorted in normal gravity,

can be observed.

The rise of the center of gravity of typical bubbles after departure in six
different gravity fields is shown in figure 6(b), and as expected, the rise ve-
The rise immediately following bubble departure

locity decreases with gravity.

.20

.18

o

S

~

o

.08

.06

Height of center of gravity of bubble above surface, in.

.04

.02

Fraction of

Earth gravity,
g9l9y
N 0.032
o .061
O .229
Oo,N 1.0

*

is given in detail in fig-
ure 6(c), which shows that
the bubbles departed with a
velocity larger than that
immediately preceding de-
tachment. Evidently, a
propulsive force, possibly
caused by fluid inertis,
projects the bubbles from
the suvface. The upward
velocity at detachment de-
creases as gravity is re-
duced, and at 3.2 percent
gn tends to become more
nearly continuous with the
velocity before departure.

These experimentally
obtained rise rates are
compared with those pre-
dicted by equation (9),
which was evaluated by us-
ing values of x5, and ug
obtained from figure 6(c).
These experimental values

| J

{c) Comparison of rise of center of gravity of vapor bubbles before and after

Figure 6. - Concluded. Motion of vapor bubbles after detachment at site 2 in

Fraction

of Earth

gravity,
g/en

0.032
.061

.229

o)
-.0l6 -.0l2 -008-004 O

detachment.

60-percent aqueous sucrose solution.

Distance from
heated sur-

face to bubble

center of grav-
ity at in-

stant of bub-

ble departure,

Xo

0.090
.107

.067

Bubble rise
velocity im-
mediately
following
departure,

Diameter of
bubble
while ris-
ing through
liquid,
Dy

0.180
.214

.148

004 008 .012
Time from detachment, sec

are listed for three typi-
cal gravity fields in the
table at the left. The
theoretical curves in fig-
ure 6(b) seem to provide a
reasonable prediction of
the trends in the data.
When the e Bt term in equation
(9) becomes small, the steady rise
velocity is achieved. In the pres-
ent experiments, the times for
which the bubbles could be observed
before rising out of the field of
view were insufficient for this ve-
locity to be reached.

016 .020
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DISCUSSICN OF FORCES ACTING ON BUBBLES DURING GROWIH

As shown by figure 2 (p. 14), the data for bubble departure diameters in
sucrose solutions tend to cluster about the constant line Do/Do,n =1 so that
gravity has no definite effect on the departure size over the range tested.

This is in contrast with the results for water that exhibited a definite in-
crease in bubble size as gravity was reduced. The independence of departure di-
ameter as a function of gravity in sucrose solutions was somewhat unexpected,
and the reasons for this behavior were not readily evident.

One factor thought to be of possible significance was the condition of the
boiling surface. In both the tests with distilled water and with sucrose solu-
tions, the same cleaning and polishing procedure was used. TFor some tests,
boiling was initiated in pure distilled water and data taken, after which pre-
heated high concentration sucrose solution was added to obtain the desired su-
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(@) Gravity fields, 1.0and 0.229 g,. (b} Gravity fields, 0.061and 0.014¢,,.

Figure 7. - Variation of diameter, contact angle, and base width with time for butble growth in saturated water, Heat transferred from
solid surface to boiling liquid, 10,900 Btu per hour per square foot; temperature difference, AT = 11, 1°F.
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crose concentration in the
s boiler. The same nucleation
sites remained active throughout
this procedure and, hence, the
-4 differences in boiling behavior
in the two fluids cannot be at-
-13 tributed to simple mechanical
variations of surface conditions.
—2
To arrive at a possible ex-
1, = planation of the bubble departure
g behavior, an examination was made
o £ of the forces acting on a bubble
Fraction of during growth on the surface. In
Earth gravity, reference 4 measurements were
2= 99 -1 made of bubble diameters, contact
Lo angles, and base diameters for
-4 _ 126 — -2 saturated distilled water in sev-
eral reduced gravity fields.
—el— i Y Some of the data have been plot-
ted in figure 7 for use in com-
_8 | ! | [ | | [ A puting the forces acting on the
0O .002 .004 .006 .008 ©0I0 012 04 016 bubbles. The buoyancy, surface-
Time, sec (solid curves) . . . 2
l [ | | | | | _ tension, and inertial forces have
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(c) Inertial, buoyancy, surface-tension, and drag forces for bubbles
growing in 60~percent aqueous sucrose solution for 1.0 and
0.126 g, gravity fields at site 1.

Figure 8. - Forces acting on growing bubbies.

been computed throughout the
growth period as described in the
analysis and are shown in fig-
ure 8 for both boiling water and
60-percent aqueous-sucrose solu-
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tion; the latter was computed from figure 5 (p. 15).

Figure 8(a) shows the forces for typical bubbles growing in water for
Barth gravity and a reduced gravity field of 0.229 gn. The magnitudes of the
forces are quite similar for the two bubbles, and the only effect of the gravity
reduction is an increase in the total growth time. Because of the rapid initial
growth of either bubble, the inertial force reaches its maximum early in the
growth period. By the time the inertial force reaches its maximum, however, the
bubble base diameter has increased sufficiently to produce a surface-tension
force that is somewhat larger than the inertial force. Hence, the maximum in-
ertial force is insufficient to tear the bubble away from the surface. By pull-
ing upward on the bubble, however, the inertia may impede the spreading of the
bubble base and thus may have an influence in hastening bubble departure by re-
tarding the buildup of the surface-tension force. The inertial force then de-
creases while the buoyancy force continues to increase. The buoyancy force
eventually surpasses the surface-tension force sc that the bubble must detach.
Since a finite time is required for the bubble base to form a neck and finally
break loose, the bubble continues to grow and, at departure, the buoyancy ex-
ceeds the surface-tension force.

Figure 8(b) shows the forces on bubbles in water for the much lower gravity
fields 0.061 and 0.014 g,. The total growth times are much longer than those of
figure 8(a), and, consequently, the peak in the inertial force occurs early rel-
ative to the total growth period. As is shown in reference 4, the shape of the
bubble growth curves for water were not very dependent on the gravitational
field, which fixed only the time at which each growth curve terminated, and,
hence, the maximum inertial forces in this low-gravity range have about the same
magnitude as those in figure 8(a) for higher g's. As in figure 8(a), by the
time the inertia has reached a maximum, the surface-tension force has become
large enough to permit the bubble to continue to adhere to the surface. As
growth continues, the inertia decreases and the bubble base continues to spread
so that the surface-tension force becomes rather large. The buoyancy increases
slowly because of the low-gravity field, but as the bubble becomes large, the
buoyancy comes into balance with the surface-tension force and departure occurs.
Hence, for the ideal type of bubbles photographed here, the departure in the
very low-gravity range 1s dependent on the equilibrium of buoyancy and surface-
tension forces. It is reasonable that the departure diameter in this range
should depend on g‘l 2 gince this variation is predicted by a balance of
surface-tension and buoyancy Tforces, as in the Fritz equation. In reference 18,
Semeria observed some bubbles in normal-gravity conditions that grew especially
slowly after a short initial period of faster growth. These bubbles, which were
termed Jakob bubbles, had departure diameters in agreement with the Fritz equa-
tion. This agreement is reasonable because for slowly growing bubbles, depar-
ture would be governed by buoyancy gradually overcoming the surface-tension
force.

Figure 8(c) shows the forces computed for two typical bubbles growing in
g80-percent aqueous-sucrose solution. The two sets of curves are similar to each
other. One of the most important features of these curves is the large size of
the inertial forces in comparison with the surface-tension forces. This is a
result of the larger growth rates characteristic of the bubbles in sucrose as
may be realized by comparing the growth curves in figures 5 and 7 (pp. 15 and
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18, respectively). The larger growth rates may have been partly a result of the
larger temperature differences existing for the sucrose solutions. As a result
of the larger growth rates, the (dD/dt)2 term in equation (1) contributes much
more to the inertial force. TFor these bubbles, the large inertial force soon
overcomes the surface-tension force and, hence, initlates bubble detachment.
This detachment occurs when the buoyancy force is still small. Consequently,
the departure process is dominated by inertia. As gravity is further reduced,
the buoyancy becomes smaller and is even less important in influencing depar-
ture. Hence, the departure of the rapidly growing bubbles observed in sucrose
solutions appears to be governed principally by inertia and surface-tension
forces and does not exhibit a gravity dependence. Of course, the removal of the
detached bubbles from the vicinity of the heated surface is still gravity de-
pendent.

From the curves in figure 8, the following general observation can then be
made. Apparently eilther inertia or buoyancy, or sometimes a combination of
both, can initiate bubble departure. For the bubbles observed in distilled wa-
ter, the inertial force may have had a small effect for gravity fields near
normal gravity, but it became much smaller than the other forces in the lower
gravity range (less than 0.126 gn). Hence, departure was primarily the result
of buoyancy overcoming the surface-tension force, and, therefore, the departure
diameters exhibited a pronounced gravity dependence. For the bubbles observed
in sucrose sclutions, however, the growth rates were large and the resulting in-
ertial forces were sufficiently high to cause bubble departure without the buoy-
ancy force being significant. As a result, the departure in sucrose solutions
was independent of gravity. It must not be inferred that all bubbles growing
in water, for example, would be of the gravity-dependent type observed here. If
a particular nucleation site emitted rapidly growing bubbles, these would most
likely be gravity independent.

It is reported in the literature (ref. 19) that for subcooled boiling bub-
bles have sometimes been propelled away from the surface before condensing, even
for a horizontal surface facing downward. Usually, however, the bubbles grow
and collapse while remaining either attached or very close to the surface. The
difference in behavior may result from the relative magnitudes of the inertial
and surface-tension forces as discussed herein.

A force that has not been considered in the previous discussion is the
viscous drag on a bubble during growth. As evidence of the influence of drag
forces during bubble growth, Roll (ref. 20) observed in his experiments that the
horizontal axis of a bubble growing on a surface was always greater than its
vertical axis. It is stated that if the only force resisting upward motion were
that due to surface tension, the vertical axis would be longer than the horizon-
tal axis. In references 10 and 18, a flattening was noted in the first one-
third to one-half of the growth period after which the vertical axis elongated.

For the present study of sucrose solutions, the behavior was Somewhat sur-
prising in that the bubbles were very nearly spherical during their entire
growth period, as shown in figure 4, even though the growth times were more
rapid than those for the water data, and the viscosity of the sucrose solution
was several times greater than that for water. In an attempt to evaluate wheth-

er drag was significant, an approximate drag force was computed from equation (6).
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bubbles growing in water, the force ranged from 0.004x107° to 0.014x10~° pound,
the larger value occurring early in the growth period when the growth rate was
large. For a 80-percent sucrose solution, the drag force increased to as high
as 0.63x10™° pound. A typical drag curve for the sucrose data is shown for the
normal gravity case in figure 8(c). The values are generally small compared
with the other forces shown in figure 8 and, hence, were not considered to in-
fluence bubble departure significantly.

CONCLUSIONS

Experimental measurements of single bubbles growing in aqueous-sucrose so-
lutions were obtained in reduced gravity fields and used to compute the forces
on the bubbles. The data from a previous experiment for boiling in distilled
water were analyzed in a similar fashion, permitting the balance of forces for
the different types of bubbles obtained in the two fluids to be compared. The
following conclusions were made:

1. Bubble departure is governed by an interaction of buoyancy, inertial,
and surface-tension forces with viscous drag playing only a minor role even for
a highly viscous fluid such as 60-percent aqueous-sucrose solution.

2. For a rapidly growing bubble, the inertial force is sufficiently large
to overcome the surface-tension force before buoyancy becomes significant. In
this instance, the bubble departure does not depend on gravity, and the depar-
ture diameters are independent of a gravity reduction.

3. For a slowly growing bubble, the surface-tension force becomes large
early in the growth period and exceeds the maximum inertial force before inertia
can exert any effect. The inertia then decreases as the bubble growth contin-
ues, and buoyancy is the only force remaining to 1ift the bubble from the sur-
face. 1In this case, since bubble departure 1s governed by a gravity-dependent
force, the departure diameter is gravity dependent. Thus, depending on the bub-
ble growth rate, bubble departure dces or does not exhibit a gravity dependence.

4. After departure, the rise of a single bubble in 60-percent sucrose solu-
tion 1s predicted reasonably well for reduced gravity fields by using the drag
coefficient Cg = 45/Re, where Re 1is the bubble Reynolds number.

5. The rapidly growing bubbles observed in 80-percent sucrose solution left
the surface with a velocity higher than that given by the change of bubble ra-
dius with time immediately before departure. The velocitlies immediately before
and after departure tended to become nearly equal as the gravity field was re-
duced.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, April 20, 1964
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